In marine power plant, effective heat exchange is important for process efficiency. It significantly influences the economics, and with improved thermal performance the impact on environment can be reduced. In this study, forced convection transient heat transfer for helium gas flowing over a twisted plate was studied by applying Computer Fluid Dynamics (CFD) method. The helical pitch of the twisted plate was 20 mm, 25 mm and 30 mm, respectively. The heat generation rate of the twisted plate was increased with an exponential function. Numerical solution was carried out at various periods ranged from 176 ms to 8.4 s. The flow velocity ranged from 4 m/s to 10 m/s. Simulation results were obtained and compared to experimental results. Effect of helical pitch on heat transfer enhancement was clarified.
Introduction
Heat transfer devices are widely used in industrial processes such as power production, the manufacturing industry, refrigeration, ship power system, air conditioning and etc. Transient forced convection heat transfer process accompanying exponentially increasing heat input to a heater is important in many industrial fields. The behavior of heat transfer devices during transient processes with fast temperature changes may cause some undesirable results such as reduced thermal performance and thermal stress with eventual mechanical failure.
Though many analytical solutions and experiments were reported on the steady state heat transfer, the transient process has not been adequately studied. There are only a few experimental and analytical works on this issue as far as authors know. Soliman and Johnson [1] analytically obtained a temperature change in plate by taking into account the turbulent boundary around the plate. However, the solution of heat transfer coefficient for water is 50% higher than their experimental data. Kataoka et al [2] conducted the transient experiment of water which flows in parallel to a cylinder, and obtained an empirical correlation for the ratios between the transient heat transfer coefficient and steady state one in term of one non-dimensional parameter composed of period, velocity, and heater length. Liu and Fukuda [3] [4] [5] obtained the experimental data and correlations for parallel flow of helium gas over a horizontal cylinder and a plate. They investigated diameter and geometric effect of heaters on transient heat transfer. Meanwhile, they [6] also did some simple numerical studies on transient heat transfer.
For twisted plate, Manglik and Bergles [7, 8] investigated heat transfer and pressure drop correlations for twisted-tape-inserts in isothermal tubes. A wide range of Reynolds number from laminar to transition and transient flow had been studied. They [9] also presented experimental flow visualization and computational modeling of single-phase laminar flows to clarify the mechanism of enhancement of heat transfer. However, the researches mentioned above have not been concerned on the heat transfer enhancement of the twisted plate, while aiming at the heat transfer through the tube. Hata [10] studied the twisted-tape-induced swirl flow heat transfer with exponentially increasing heat inputs. A predictable correlation for turbulent heat transfer of the twisted tape was derived based on experimental data. In this paper, forced convection transient heat transfer for helium gas flowing over a series of twisted plate with different helical pitch has been numerically analyzed by using ANSYS FLUENT 14.0 code. The heat generation rate of the twisted platinum plate was increased with an exponential function. Surface temperature difference, heat flux and heat transfer coefficient obtained by numerical solution were compared with previous authors' experimental data. Furthermore, numerical simulations for different helical pitch were carried out by comparing to a flat plate to clarify the effect of swirl flow on the enhancement of heat transfer. Figure 1 shows the physical model in this numerical solution.
Numerical analysis

Physical model
The heater was mounted horizontally along the center axis of the circular channel, which is 20 mm in diameter. The twisted plate is 4 mm in width, 0.1 mm in thicknesses and 60 mm in length. The platinum plate was twisted at the center.
Both ends of it were connected to two copper plates with the same thickness of twisted plate. 
Solution model
ANSYS FLUENT 14 was used in this numerical solution. For the fluid, mass, momentum and energy conservation equations take the following forms, respectively (ANSYS Inc., 2012 [11] ).
For the twisted plate, the energy conservation equation takes the following form.
Where, Q  is internal heat source,
Boundary conditions:
at heater surface,
at the wall of channel,
In this study, the Reynolds Stress Model (RSM) was used to model the turbulent flow regime. Because the RSM accounts for the effects of streamline curvature, swirl, rotation and rapid changes in strain rate in a more rigorous manner than one-equation and two-equation models. Simple algorithm is used for the velocity and pressure coupling. The Enhanced Wall Treatment model was chosen for the near-wall modeling method because it combines the use of a blended law-of-the-wall and a two-layer zonal model and generally requires a fine near-wall mesh that is capable of solving the viscous sub-layer. The dimensionless distance y + ( µ ρ τ / y u ≡ ) was considered, where ρ is density; kg/m3; τ u is friction velocity, m/s; y is wall-normal distance, m; μ is molecular viscosity, Pa•s. To ensure the mesh quality, the first near-wall node is placed at y + ≈ 1 and over 20 cells were placed in boundary layer.
Calculating conditions
The calculating conditions of numerical simulation are shown in Table 1 . 
Mesh validation study
The mesh independency was tested for three different mesh size. For the case with of flow velocity of 10 m/s, period of 1691 ms and helical pitch size of 20 mm, mesh dependency was examined by solving the flow field with total mesh cells of about 100,000, 400,000 and 1,160,000, respectively. For each grid size, the y + is satisfied firstly. The temperature difference ΔT was compared, shown in Fig.3 . Cell number=100,000 Cell number=400,000 Cell number=1,160,000 Temperature difference is the difference between the average surface temperature of the twisted plate (T sa ) and the inlet gas temperature (T ∞ ), expressed as:
The average surface temperature (T sa ) was estimated by using the method of area-weighted average. The area-weighted average of the temperature is computed by dividing the summation of the product of the selected field temperature (T i ) and facet area (A i ) by the total area of the surface (A):
By comparing the numerical simulation results of temperature difference, 4.9% difference exists between the coarse mesh and the medium mesh and less than 0.6% difference exists between the medium mesh and the finer mesh. It indicates that the medium mesh resulted in mesh-independency solution. The solution mesh used in this study is the medium mesh which is built of hexahedrons by ANSYS ICEM 14.0.
Comparison of numerical results with experimental data
Experimental conditions
Experimental apparatus was reported in previous works [3] [4] [5] 12] . The transient heat transfer experimental data for helium gas were measured for the periods of 176, 1691 and 8355 ms. Helium gas inlet temperature is 303 K, and pressure is 500 kPa. The flow velocity ranged from 4 to 10 m/s, and the corresponding Reynolds number ranged from 3×103 to 2×104.
where U is gas flow velocity, m/s; L is effective length of the heater, m; νis kinematic viscosity, m2/s. The twisted plate used in experiment was made of platinum with a width of 4 mm and a thickness of 0.1 mm. Effective length of the twisted plate is 61.2 mm with three helical pitches, of about 20 mm in length. The heat generation rate was raised with exponential function as mentioned in physical model. Figure 4 shows time-dependence of heat generation rate, heat flux, and surface temperature difference at various heat generation rate increasing periods of 176, 1691 and 8355 ms. Flow velocity is 10 m/s. The gas temperature is 303 K at 500 kPa. The helical pitch of twisted plate is 20 mm and the model contains three pitches in total.
Results at various heat generation periods
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The symbols show previous experimental data [12] , and the lines show values of the numerical solution. The heat generation rate, heat flux and temperature difference increase rapidly as the period is shorter and it is understood that the heat flux and surface temperature difference increase exponentially as the heat generation rate increases with exponential function. The simulation results of heat flux and temperature difference agree well with the experimental data within 3.0% and 1.2%, respectively. Fig.4 Comparison of Q  , q and ΔT with experimental data at various periods.
Results at various flow velocities
The time-dependence of heat generation rate, Q  , heat flux, q, and surface temperature difference, ΔT at a typical flow velocity of 4 m/s is shown in Fig.5 . The helical pitch of twisted plate is 20 mm and the model contains three pitches in total. It can be found that, the numerical simulation results of heat flux agree well with experimental data, while the simulation result of temperature difference is a little higher than the experimental result at the last part of t/τ.
Numerical simulations for higher flow velocities of 6, 8 and 10 m/s have also been done and the results match experimental data well. For the flow velocity ranged from 4 to 10 m/s, the differences of heat flux and temperature difference are within 5.0%. 
Effect of helical pitch
To study the effect of helical pitch on heat transfer enhancement. Various helical pitches of 20, 25 and 30 mm were modeled at the period of 1691 ms and the flow velocity of 10 m/s. A flat plate with the same width of the twisted plates is also modeled to be compared with. The comparison of heat transfer coefficient of twisted plate with flat plate is shown in Fig.7 . The heat transfer coefficient increases with the decrease of pitch length of twisted plate. An increasing ratio of about 6% can be generated by decreasing pitch size from 30 mm to 25 mm, or from 25 mm to 20 mm.
In this numerical simulation, the heat transfer coefficients for the twisted plate are 35-55% higher than those of flat plate. Therefore, it was considered that the short pitch twisted heater is useful for the enhancement of heat transfer. It can be found that a swirl distribution occurs for velocity boundary thickness around the twisted plate. While for the flat plate, the velocity boundary layer thickness is almost uniform.
It is considered that the helical vortices generated by the surface curvature of twisted plate will improve turbulence intensity and promote greater "thermal mixing". It will result in sharper temperature gradients in the boundary layer and higher heat transfer coefficient. Besides, centrifugal force generated by the twisted structure will lead to a pressure distribution on the heater surface in the radial section. Thus, secondary flow perpendicular to the main flow will generate. This secondary flow in the radial direction will contribute to the flow velocity and thus resulted in heat transfer coefficient enhancement.
With smaller pitch size, the twisting degree increases and contributes to the generating of swirl flow which will result in higher heat transfer coefficient. Therefore it is considered that the enhancement of heat transfer was attributed to swirl flow induced by twisted plate.
Conclusions
Forced convection transient heat transfer for single horizontal twisted plate with various pitches was theoretically studied. Following results were obtained.
(1) The Reynolds Stress Model was validated by comparing simulation results with author's previous experimental data. (2) Heat flux and temperature difference obtained by numerical simulation were compared to experimental data, differences within 3.0%. (3) The effect of flow velocity on heat transfer was numerically studied, and compared to experimental data, they agree within 7.4%. (4) Effect of helical pitch on heat transfer coefficient was clarified. The short pitch twisted heater is useful for heat transfer enhancement. (5) Velocity boundary layer distributions were obtained. The mechanism of heat transfer enhancement by twisted-plate-was clarified.
